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Cadherins are Ca2+-dependent cell-cell adhesion
proteins with an extracellular region of five domains
(EC1 to EC5). Adhesion ismediated by ‘‘strand swap-
ping’’ of a conserved tryptophan residue in position 2
betweenEC1domainsof opposing cadherins, but the
formation of this structure is not well understood.
Using single-molecule fluorescence resonance
energy transfer and single-molecule force measure-
ments with the atomic force microscope, we demon-
strate that cadherins initially interact via EC1domains
without swapping tryptophan-2 to form a weak Ca2+
dependent initial encounter complex that has 25%
of the bond strength of a strand-swapped dimer.
We suggest that cadherin dimerization proceeds via
an induced fit mechanism where the monomers first
form a tryptophan-2 independent initial encounter
complex and then undergo subsequent conforma-
tional changes to form the final strand-swapped
dimer.
INTRODUCTION
Cadherins are Ca2+-dependent cell-cell adhesion proteins that
mediate dynamic cellular processes during embryonic develop-
ment and tissue remodeling, and are essential for maintaining
the structural integrity of solid tissues (Gumbiner, 2005; Halbleib
and Nelson, 2006; Pokutta and Weis, 2007; Takeichi, 2007).
Disruption of cadherin binding is common in metastatic cancers
(Cowin et al., 2005).
Classical cadherins are single-pass transmembrane proteins
with an extracellular region composed of five cadherin (EC)
domains separated by interdomain Ca2+ binding sites (Pokutta
and Weis, 2007). X-ray crystallography (Boggon et al., 2002;
Haussinger et al., 2004; Patel et al., 2006; Pertz et al., 1999; Sha-
piro et al., 1995), nuclear magnetic resonance (NMR) (Haus-
singer et al., 2004; Miloushev et al., 2008; Overduin et al.,
1995), electron microscopy (Al-Amoudi et al., 2007; He et al.,Structure 17, 10752003), and single-molecule measurements (Zhang et al., 2009)
have shown that opposing cadherins interact via N-terminal
EC1 domains to form trans dimers; the probability of adhesion
is increased cooperatively by increasing the density of cadherins
(Zhang et al., 2009). X-ray crystallography and NMR of trans
dimers indicates that there is an exchange of N-terminal
b strands between opposing EC1 residues that leads to the
insertion of a conserved tryptophan-2 side chain (W2) into
a hydrophobic pocket on their adhesive partner (Boggon et al.,
2002; Haussinger et al., 2004; Miloushev et al., 2008; Patel
et al., 2006; Pokutta andWeis, 2007); in contrast, the W2 residue
is intramolecularly packed in a majority of cadherin monomers
(Haussinger et al., 2004; Miloushev et al., 2008). Mutational
data support the importance of the strand-exchange interface
in cadherin-cadherin adhesion. Mutation of W2 to alanine
(W2A), or mutations in the pocket that binds to W2, both abolish
cell-cell adhesion (Kitagawa et al., 2000; Shan et al., 2000;
Tamura et al., 1998). Furthermore, the introduction of cysteine
residues at positions that would form a disulfide bond in a
strand-swapped trans-dimer produces crosslinked molecules
from cell extracts (Harrison et al., 2005). Despite extensive
studies, the molecular events involving N-terminal b strands
swapping and insertion of W2 side chains is not well understood.
Two alternative pathways for tryptophan exchange and forma-
tion of strand-exchange dimers have been proposed (Figure 1A).
In the induced-fit pathway, two cadherin monomers with intra-
molecularly packed W2 form an initial encounter complex. The
initial dimer contact then allows the release of each W2 residue
followed by their insertion into the opposing monomer to form
the strand-swapped dimer. In the selected-fit pathway, cadherin
monomers adopt an active conformation that exposes the W2
residues before binding. Subsequent collisions between acti-
vated cadherin monomers result in the formation of a stand-
swapped dimer.
NMRmeasurements of the isolated EC1 domain of type II cad-
herin-8 identified three cadherin conformations; monomers with
intramolecularly packed W2 residues, monomers with exposed
W2 residues, and strand-swapped dimers. However, an initial
encounter complex was not detected. Based on these experi-
ments, it was proposed that the EC1 domain of cadherin-8
dimerizes via a selected-fit mechanism (Miloushev et al., 2008).–1081, August 12, 2009 ª2009 Elsevier Ltd All rights reserved 1075
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Initial Encounter Complex in Cadherin AdhesionFigure 1. Alternative Pathways for the Formation of Strand-Exchange Dimers in Wild-Type Cadherin and W2A Cadherin
(A) Wild-type cadherin: In the minimal selected-fit pathway (blue box), a population of cadherin monomers (M) adopt an active conformation (M*) by exposing
their W2 residues. Collisions between activated cadherin monomers result in the formation of a stand-swapped dimer (D). In the minimal induced-fit pathway
(pink box), two cadherin monomers with intramolecularly packed W2 first form an initial encounter complex (M:M). A conformational change then results in
the swapping of W2 residues and the formation of a strand-swapped dimer. Adapted from Miloushev et al. (2008).
(B) W2A cadherin: Mutating the W2 residue eliminates the selected-fit pathway for formation of a strand-swapped dimer. Interactions between individual W2
mutants would occur only if the cadherins dimerize via an induced-fit mechanism. Because the interacting W2 mutant cadherins cannot proceed to form
a strand-swapped dimer, they stall at the initial encounter complex, which can be detected and characterized using single-molecule techniques.The dimerizationmechanism for the complete cadherin extracel-
lular region (EC1–EC5) might differ from the isolated EC1 domain
used in the NMR experiment, because the isolated EC1 domain
lacks the interdomain Ca2+ binding sites (Miloushev et al., 2008).
Mutagenesis studies have shown that disruption of Ca2+ coordi-
nation in the EC1-EC2 interface abolishes strand exchange
(Chitaev and Troyanovsky, 1998). Furthermore allosteric cou-
pling between Ca2+ binding sites, Ca2+ concentration and W2
docking has been measured (Harrison et al., 2005; Prakasam
et al., 2006). NMR analysis of dimerization of E-cadherin EC1–
EC2 fragments has revealed distinct conformations for the
Ca2+-free monomer, Ca2+-bound monomer, and Ca2+-bound
dimer (Haussinger et al., 2004).
One strategy to resolve the mechanism of strand dimerization
is to block the selected fit pathway for cadherin dimerization and
test whether trans dimers are formed by an induced fit mecha-
nism. This can be accomplished by mutating the W2 residue,
thereby eliminating the selected-fit pathway for the formation
of a strand-swapped dimer (Figure 1B). Interactions between
the individual W2 mutants would occur only if the cadherins
dimerize via an induced-fit mechanism. Because the interacting
W2 mutant cadherins cannot proceed to completion and form
a strand-swapped dimer, this strategy would capture the initial
encounter complex that can be detected and characterized
using single-molecule techniques (Figure 1B). Here, we use1076 Structure 17, 1075–1081, August 12, 2009 ª2009 Elsevier Ltda series of in vitro assays involving single-molecule fluorescence
resonance energy transfer (FRET) and single-molecule force
measurements with the atomic force microscope (AFM) to
demonstrate that cadherins form trans dimers via an induced-
fit mechanism.
RESULTS
Single-Molecule FRET Measurements
on Crosslinked W2A Cadherin
To detect the formation of an initial cadherin-cadherin encounter
complex and identify EC domains that form the initial encounter
complex, we measured FRET between purified, full-length
E-cadherin extracellular domains (EC1–EC5) in which W2 was
mutated to alanine (W2A) (Chien et al., 2008; Kitagawa et al.,
2000; Prakasam et al., 2006; Tamura et al., 1998; Tsuiji et al.,
2007) (Figure 2A). Biological activity of the W2A cadherin extra-
cellular domain was monitored using Ca2+-dependent aggrega-
tion of protein-coated beads (see Figures S1 and S2 available
online). For the single-molecule FRET experiments, Cy3 (donor)
and Alexa-647 (acceptor) FRET dye labels were attached to
a cysteine residue engineered at position 20 on the EC1 domain,
and the C-terminal of the EC5 domain was fused with a hexa-His
affinity tag for protein purification and a biotin for functional
surface immobilization (Figure 2A).All rights reserved
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Initial Encounter Complex in Cadherin AdhesionFigure 2. Characterizing theStructureof the
Initial Encounter Complex Using Single-
Molecule FRET
(A) Steps involved in crosslinking EC1 labeled
W2A cadherin monomers. W2A cadherin mono-
mers engineered with a His-affinity tag or a biotin
tag were labeled with a donor Cy3 fluorophore or
acceptor Alexa-647 fluorophore, respectively, at
N20C. Donor- and acceptor-labeled cadherins
were crosslinked in solution using amine reactive
BS3 crosslinker. Crosslinked dimer yields in
0 mM Ca2+ and 1 mM Ca2+ were 45% and 20%,
respectively. The higher crosslinking yield in
0 mM Ca2+ was attributed to the high levels of
nonspecific interaction of W2A cadherin in the
absence of Ca2+ (see below).
(B) Histogram of FRET efficiencies for W2A cad-
herin dimers crosslinked at 0 mM Ca2+ shows
a broad distribution of FRET efficiencies without
a pronounced peak. This distribution arises be-
cause of the nonspecific interaction of the EC1
domains of the W2A mutants in the absence of
Ca2+.
(C) Histogram of FRET efficiencies for W2A cad-
herin dimers crosslinked at 1 mM Ca2+ shows a
pronounced peak at a FRET efficiency of 0.74
with 84% of the colocalized fluorescence spots
have FRET values greater than 0.5. A FRET value
of 0.74 corresponds to a distance of approxi-
mately 4 nm between the donor and acceptor
fluorophores and arises due to the interaction of
the EC1 domains in the initial encounter complex.
(D) Schematic ofW2Acadherin-Fc dimer construct
engineered by fusing the COOH terminus of the
cadherin extracellular region to the Fc domain of
human IgG1. Engineered cysteines (N20C) on the
EC1 domains of the cadherins were dual labeled
with donor and acceptor fluorophores. The
cysteine residues in the core hinge region had
been mutated to serines to prevent nonspecific
labeling of the Fc dimer.
(E and F) Histogram of FRET efficiencies for W2A
cadherin-Fc dimers crosslinked at 0 mM and
1 mM Ca2+. W2A cadherin-Fc shows a broad
distribution of FRET efficiencies without a pro-
nounced peak due to the nonspecific interaction
of the EC1 domains when the W2A cadherin are
constrained in a cis orientation.Because cadherin-cadherin binding has a low affinity (KD
720 mM in 1 mM Ca2+ and KD 10 mM in 0 mM Ca2+ (Haus-
singer et al., 2004)), we used chemical cross-linking in solution
with bis(sulfosuccinimidyl)suberate (BS3) to stabilize transient
interactions between donor- and acceptor-labeled W2A cad-
herin monomers and trap the cadherin-cadherin initial encounter
complex (Figure 2A). Crosslinked W2A cadherins were oriented
and immobilized on a surface and observed in total internal
reflection geometry with single-molecule sensitivity. FRET data
were analyzed only frommolecules containing colocalized donor
and acceptor fluorophores determined using sequential two
color excitation. Crosslinking yields determined fromgel filtration
(Figure S3) at 0 mM Ca2+ and 1 mM Ca2+ were 45% and 20%
respectively; the higher crosslinking yield in 0 mM Ca2+ is attrib-
uted to nonspecific interaction of W2A cadherin in the absence
of Ca2+ (see text below and Figures 2B and 2E).Structure 17, 1075W2A cadherins crosslinked in 0 mM Ca2+ showed a broad
distribution of FRET efficiencies without a pronounced peak (Fig-
ure 2B). This distribution corresponds to a wide range of interac-
tion distances (ranging from < 2.5 nm to > 8 nm) between the
donor and acceptor fluorophores on the cadherin EC1 domains.
This indicates that in the absence of Ca2+, the EC1 domains of
W2A cadherins are ‘‘sticky’’ and interact in many nonspecific
orientations. In contrast, a majority of wild-type cadherin mono-
mers crosslinked in 0 mM Ca2+ showed a FRET efficiency of
0 (i.e., the wild-type cadherins do not interact via their outermost
EC1 domains) (Zhang et al., 2009), suggesting that W2 might
play a role in preventing nonspecific binding between EC1
domains in the absence of Ca2+. Recent molecular dynamics
simulations indicate that in the absence of Ca2+, wild-type cad-
herin occasionally adopts a conformation where the W2 side
chain extends away from the trans binding interface (Sotomayor–1081, August 12, 2009 ª2009 Elsevier Ltd All rights reserved 1077
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Initial Encounter Complex in Cadherin Adhesionand Schulten, 2008). The exposed W2 residue might sterically
hinder the nonspecific interactions of the EC1 domains. This
explains our previous findings that a majority of wild-type cad-
herin monomers crosslinked in 0 mM Ca2+ showed a FRET effi-
ciency of 0 (Zhang et al., 2009). Although the nonspecific binding
between EC1 domains could arise due to the substitution of
a tryptophan with an alanine residue, this is unlikely because
the interaction is Ca2+ dependent.
Unlike the FRET distributions observed in the absence of Ca2+,
a majority of W2A cadherin crosslinked in 1 mM Ca2+ exhibits a
pronounced peak at a FRET value of 0.74 and another peak at
FRET  0. The FRET  0.74 peak corresponds to a distance of
approximately 4 nm between the donor and acceptor fluoro-
phores on the EC1 domains (Figure 2C). This indicates that
W2A cadherins interact specifically via their EC1 domains to
form an initial encounter complex that is not mediated by W2.
In 1 mM Ca2+, 84% of the crosslinked W2A cadherins had a
FRET efficiency greater than 0.5 (Figure 2C).The FRET distribu-
tionmeasuredwith theW2Amutants is similar to the FRET values
at 0 and 0.8 that were measured for wild-type cadherins that
interact via their EC1 domains to form trans dimers (Zhang
et al., 2009).
Single-Molecule FRET Measurements
on W2A Cadherin-Fc Constructs
The crosslinking experiments described in the previous section
were performed in solution prior to surface immobilization, and
the high FRET values could have arisen through proteins inter-
acting via their EC1 domains in either a parallel or antiparallel
orientation (Figure 2A). It has been proposed that the EC1
domains of highly curved cadherin pairs presented from
opposing cells interact in a parallel orientation and exchange
their W2 residues even though the overall orientation of the
protein is an antiparallel trans dimer (Boggon et al., 2002; He
et al., 2003; Pokutta and Weis, 2007).
To distinguish between parallel and antiparallel orientations,
the COOH terminus of the W2A cadherin extracellular domain
was fused to the Fc domain of Human IgG1 (Figure 2D). The 20
amino acid hinge region linking the cadherin monomers to the
dimerized Fc serves as a flexible tether that allows the cadherin
pair to form an overall cis orientation through the dimerized Fc
domain (Zhang et al., 2009) so that the EC1domains on the highly
curved cadherin extracellular region can interact only in an anti-
parallel orientation. In order to monitor the distance between
EC1 domains of the cadherin-Fc dimers, EC1 domains were dual
labeled with Cy3 donor and Alexa-647 acceptor FRET dyes
attached to cysteine residues engineered at position 20 (Fig-
ure 2D). The W2A cadherin-Fc constructs were oriented and
immobilized on a surface and their FRET signal was monitored
at 0 mM Ca2+ (Figure 2E) or 1 mM Ca2+ (Figure 2F). At both
Ca2+ concentrations, a broad distribution of FRET efficiencies
was measured similar to the W2A cadherin monomers cross-
linked in 0mMCa2+ (Figure 2B). This confirms that in the absence
of Ca2+, the EC1 domains of the W2A cadherin constructs are
‘‘sticky’’ and interact in a range of nonspecific orientations. In
contrast, the EC1 domains of wild-type cadherin-Fc do not
interact in either 0.1 mM or 1.0 mM Ca2+ (Zhang et al., 2009).
From the lack of a pronounced peak at a high FRET value with
the W2A cadherin-Fc dimer constructs, we conclude that the1078 Structure 17, 1075–1081, August 12, 2009 ª2009 Elsevier Ltdhigh FRET signal observed with crosslinked W2A cadherin
monomers arose through proteins forming a trans- rather than
a cis-dimer encounter complex.
Single-Molecule AFM Force Measurements
with W2A Cadherin Monomers
To characterize the bond strength of the W2A cadherin initial
encounter complex, we measured binding between opposing
W2A-cadherins at the single molecule level using an AFM
(Figure 3A) and directly compared it with the unbinding force
for wild-type cadherins previously measured at a similar loading
rate (Zhang et al., 2009). This comparison is valid only if the reac-
tion coordinates for the forced unbinding of the wild-type and
W2A cadherins are similar, which is likely considering that the
two proteins differ by a single amino acid.
The W2A cadherin monomers were bound to polymer tethers
on the AFM tip and to the substrate, and the binding of single
cadherin molecules was measured in 2.5 mM Ca2+ or in the
absence of Ca2+ (Figures 3B and 3C). The W2A-cadherin initial
encounter complex in 2.5 mM Ca2+ had a bond strength of
17 pN ± 10 pN at a loading rate of 12.9 nN/nm ± 1.7 nN/nm (Fig-
ure 3C). This binding force is significantly weaker than the bond
strength of 64 pN ± 27 pN that wasmeasuredwith wild-type cad-
herin monomers in 2.5 mM Ca2+ at a similar loading rate of 17.9
nN/nm ± 1.4 nN/nm (Zhang et al., 2009).
The bond strength of the initial encounter complex formed by
the interaction of opposing W2A-cadherin monomers is 25%
the bond strength of a strand-swapped dimer formed by the
interaction of opposing wild-type cadherin monomers. Thus,
although the W2 residue is not required to form a weakly adhe-
sive initial encounter complex, it is essential to strengthen the
final trans dimer. A weak interaction between W2A cadherin
constructs has been previously measured in surface force appa-
ratus (Prakasam et al., 2006) and micropipette force measure-
ments (Chien et al., 2008).
In contrast to measurements with wild-type cadherin mono-
mers (Zhang et al., 2009), the frequency of binding events with
the W2A cadherin monomers did not decrease in the absence
of Ca2+ (Figure 3C). We interpret this finding as further evidence
of nonspecific interactions between the EC1 domains of
opposing W2A cadherin constructs measured in the FRET
experiments (Figures 2B, 2E, and 2F).
DISCUSSION
We have tested two specific models of how trans dimers form
by strand swapping of conserved tryptophan residues in position
2 (W2) of the EC1 domain of opposed cadherins. The central
question is whether cadherinmonomers form an initial encounter
complex and then induce a conformational change to swap their
W2 residues (induced fit), or if monomers with complementary
conformations are selected and stabilized from a pre-existing
equilibrium of monomers with pre-exposed and packedW2 resi-
dues (selected fit) (Figure 1) (Miloushev et al., 2008).
To resolve the mechanism of trans dimerization, we blocked
the selected-fit pathway by mutating the W2 residue to alanine
(W2A) and tested whether the initial cadherin encounter complex
formed by an induced-fit or selected fit mechanism. We identi-
fied the EC domains that mediate initial encounter complexAll rights reserved
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Initial Encounter Complex in Cadherin AdhesionFigure 3. Characterizing the Bond Strength
of the Initial Encounter Complex Using
Single-Molecule AFM Force Measurements
(A) Schematic of the AFM tip and substrate func-
tionalized with biotinylated W2A cadherin mono-
mers for single-molecule force measurements.
The tip and surface were functionalized with poly-
ethylene glycol (PEG) linkers, some of which were
decorated with Streptavidin. Biotinylated W2A
cadherin monomers were bound to Streptavidin
on the tip and surface; flexible PEG linkers enable
unhindered interactions between opposing cad-
herins during tip-substrate encounters.
(B) A typical force curve showing the unbinding of
a single W2A cadherin molecule. The tip and the
substrate decorated with cadherins were bought
into contact so that cadherins on the tip and
substrate formed an adhesive complex. When
the tip was withdrawn from the substrate, a force
was exerted and above a critical force the adhe-
sive complex ruptured. Forces were measured
2937 times in 2.5 mM Ca2+ yielding 75 binding
events, and 7467 times in 2 mM EGTA yielding
173 binding events.
(C) Histogram of W2A cadherin monomer binding
events measured in 2.5 mM Ca2+ (solid gray
bars) and 2 mM EGTA (hatched red bars). The
binding events measured in 2.5 mM Ca2+ were
fitted to a Gaussian distribution with a peak force
of 17 pN ± 10 pN. The probability of binding did
not change in the absence of Ca2+ (hatched red
bar).formation by measuring FRET between W2A mutant E-cadherin
extracellular domains. Because cadherin-cadherin binding has a
low affinity, we used chemical crosslinking in solution to capture
the initial encounter complex. A majority of W2A cadherin cross-
linked in 1 mM Ca2+ interact via their EC1 domains to form an
initial encounter complex. Because this interaction between
EC1 domains was not observed when the W2A cadherins were
constrained to interact in a cis orientation, we conclude that
the initial encounter complex was formed by W2A cadherins
formed in a trans conformation. Our data strongly suggest that
formation of cadherin trans dimers occurs via an induced-fit
mechanism.
Previous NMR measurements of only the EC1 domain of type
II cadherin-8 concluded that dimers formed via a selected-fit
mechanism (Miloushev et al., 2008). Our data show that the
dimerization mechanism for the complete extracellular region
of a type I cadherin, E-cadherin, is different. A likely reason for
this difference is that the EC1 domain used in the NMR experi-
ment lacked the interdomain Ca2+ binding sites that are essential
for strand-exchange interaction (Chitaev and Troyanovsky,
1998). Alternatively, dimerization mechanism might be different
between type I and type II cadherins. Although our experiments
show that the induced-fit mechanism for trans dimerization is
important, we cannot exclude the possibility that additional
trans-dimerization pathways exist.
It is also noteworthy that our FRET measurements indicate
that the orientation of the EC1 domains in the initial encounter
complex is similar to that in a strand-swapped trans dimer.
This implies that the structure of the initial encounter complexStructure 17, 1075is not significantly altered when W2 residues are swapped to
form the final trans dimer. Although we use the term ‘‘induced’’
fit to reference previous models for strand swapping (Miloushev
et al., 2008), the mechanism of W2 exchange might better reflect
a ‘‘permissive’’ fit. The bond strength of the initial encounter
complex is 25% of the bond strength of a strand-swapped
trans dimer, measured with our single-molecule atomic force
microscopy assay. This indicates that although the W2 residue
is not required to form the initial encounter complex, it is essen-
tial to strengthen the adhesion of the final trans dimer. Based on
our measurements, we propose that the initial, weakly bound
structure (the M:M in Figure 1A) induces the release of the intra-
molecularly packed W2s without significant relative movement
of the EC1 domains. A weak binding between W2A cadherin
constructs has also been measured previously (Chien et al.,
2008; Prakasam et al., 2006) and explains why the initial
encounter complex formed by the W2A cadherin constructs
form small aggregates in bulk bead binding assays.
Our results also suggest that W2 plays a role in preventing
nonspecific binding of the EC1 domains of cadherin in the
absence of calcium. In 0 mM Ca2+, the EC1 domains of the
W2A cadherin monomer and W2A cadherin-Fc dimer mutants
are ‘‘sticky’’ and interact in a range of nonspecific orientations.
In contrast, the wild-type cadherin monomers do not interact
via their outermost EC1 domains in 0 mM Ca2+. Although the
nonspecific binding between EC1 domains might be attributed
to the substitution of W2 with an alanine residue, this is unlikely
because the measured ‘‘stickiness’’ is Ca2+ dependent. Pre-
vious studies indicated an allosteric coupling between–1081, August 12, 2009 ª2009 Elsevier Ltd All rights reserved 1079
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Initial Encounter Complex in Cadherin AdhesionCa2+ concentration and W2 docking (Harrison et al., 2005; Pra-
kasam et al., 2006). Recentmolecular dynamics simulations indi-
cate that the side chain of W2 fluctuates between an exposed
and partially buried conformation in the absence of Ca2+ (Soto-
mayor and Schulten, 2008). In wild-type cadherins, the exposed
W2 residue could sterically hinder the nonspecific sticking of the
cadherin EC1 residues in the absence of Ca2+.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of E-Cadherin Constructs
Cloning, expression and purification of the E-cadherin monomer with a C-ter-
minal Avi-tag, Tev sequence and His-tag (E-cadherin/ATH), and the E-cad-
herin/Fc construct with the extracellular domain of E-cadherin fused to a hinge
and constant region of human IgG1 have been described previously (Zhang
et al., 2009). The engineered proteins contained a surface accessible cysteine
(N20C) introduced on the EC1 domain of both E-cadherin/Fc and E-cadherin/
ATH. The only difference from the previously described constructs is that the
tryptophan-2 residue on the EC1 domain of both E-cadherin/Fc and E-cad-
herin/ATH was mutated to alanine (W2A) using QuikChange Kit (Stratagene).
As described previously (Zhang et al., 2009), the cadherin sequences were
transfected into HEK293 cells and the protein was purified from the condi-
tioned growth media. W2A Fc-cadherin dimers were purified by passing the
filtered conditioned media over a protein-A coated CL-4B Sepharose resin
column (GEHealthcare), elutedwith 0.2Mglycine buffer at pH 2.6, and neutral-
ized immediately by 1 M Tris buffer at pH 8.0. Filtered conditioned media con-
taining His-tagged W2A E-cadherin monomers were incubated with Nickel
NTA resin (Invitrogen Corp) for 2 hr, washed with 50 mM imidizole to remove
nonspecifically bound protein, and eluted with 250 mM imidizole. The W2A
Fc-dimer andW2AE-cadherin/ATH constructs were further purified by running
through Superdex200 10/300 GL size exclusion column (GE Healthcare) equil-
ibrated with 25 mM HEPES buffer at pH 7.4 containing 100 mM NaCl, 10 mM
KCl, and 1 mM CaCl2.
Bead Aggregation Assays
Biological adhesive activity of the cadherin constructs were tested by moni-
toring the aggregation and disaggregation of cadherin functionalized beads
in the presence or absence of Ca2+ respectively. The bead aggregation assay
was identical to the previously described protocol for cadherin monomers and
cadherin-Fc dimers (Zhang et al., 2009). W2A E-cadherin monomers were
bound to Cobalt-based Dynabeads Talon (Invitrogen Corp) and incubated in
either a Ca2+-free buffer (50 mM Tris buffer at pH 7.4, 100 mM NaCl, 10 mM
KCl, and 0.2% w/v bovine serum albumin [BSA]) or buffer containing 1.8 mM
Ca2+ (50 mM Tris buffer at pH 7.4, 1.8 mM Ca2+, 100 mM NaCl, 10 mM KCl,
and 0.2%w/v BSA) for 1 hr with constant agitation. The adhesion of W2A cad-
herin-Fc dimers was assayed by monitoring the aggregation of protein-A
decorated Dynabeads (Invitrogen Corp.) in the presence of 1.8 mM Ca2+
(50 mM Tris buffer at pH 7.4, 1.8 mM Ca2+, 100 mM NaCl, 10 mM KCl, and
0.2% w/v BSA) or 2 mM EGTA (50 mM Tris buffer at pH 7.4, 2 mM EGTA,
100 mM NaCl, 10 mM KCl, and 0.2% w/v BSA).
The bead images were taken with a 20X objective and a Coolsnap HQ2
camera on a Leica microscope system. TheW2A E-cadherin monomer coated
beads incubated in 1.8 mM Ca2+ formed small aggregates while W2A E-cad-
herin monomer coated beads incubated in a Ca2+ free buffer showed no
aggregation (Figures S1A and S1B, Supplemental Data). Similarly, the W2A
cadherin-Fc-coated beads incubated in 1.8 mM Ca2+ formed small aggre-
gates whereas W2A cadherin-Fc-coated beads incubated in 2 mM EGTA
showed no aggregation (Figures S1C and S1D, Supplemental Data). A similar
weak aggregation of W2A cadherin-coated beads has been reported previ-
ously (Prakasam et al., 2006).
In order to quantitatively analyze the bead aggregation data, the images
were converted to binary images and processed with an erosion and a dilation
operator to identify clusters of connected beads. The fractional area occupied
by each cluster was calculated using a range of cutoff sizes to differentiate
aggregated clusters from nonaggregated beads. Both the W2A E-cadherin
monomer andW2A cadherin Fc coated beads showed aggregation at all cutoff
sizes in the presence of Ca2+ (Figure S2, Supplemental Data).1080 Structure 17, 1075–1081, August 12, 2009 ª2009 Elsevier LtdFluorescent Labeling of E-Cadherin Constructs
The protocol for labeling the W2A cadherin constructs with a single fluoro-
phore is identical to the protocol described previously (Zhang et al., 2009).
All fluorescent dye labeling was done in a 25 mM HEPES buffer at pH 7.4
with 100 mM NaCl, 10 mM KCl, and 1 mM CaCl2. The N20C residue on W2A
cadherin was labeled with a 10-fold to 20-fold molar excess of either Cy3 mal-
eimide (GE Healthcare) or Alexa-647 maleimide (Invitrogen). W2A-Fc-cadherin
dimer molecules were dual labeled with Cy3 maleimide and Alexa647 malei-
mide dyes in a 1:1 molar ratio. Prior to labeling, the Cys residues were reduced
using a 10-fold molar excess of pH neutral TCEP (Pierce Biotechnology). Dye
labeled protein was separated from free dye using a Superdex 200 10/300 GL
column at 4C. Labeling efficiency was quantified by measuring the protein
(absorption at 280 nm) and dye concentrations (absorption maxima of 550
nm for Cy3 and 651 nm for Alexa647 dyes). The dye to protein labeling effi-
ciency was 60%–90%.
Biotinylation and Crosslinking of W2A Cadherin Monomers
Using previously described protocols (Zhang et al., 2009), a 40 mM solution
of W2A cadherin monomers was biotinylated with BirA enzyme (BirA500 kit,
Avidity LLC) in a pH 7.4 buffer containing 25 mM HEPES, 5 mM NaCl, and
1 mM CaCl2. Equimolar concentrations of His-tagged W2A cadherin mono-
mers labeled with Cy3 dye and biotinylated W2A cadherin monomers
labeled with Alexa-647 dye were concentrated to 80 mM and crosslinked
over ice for 30 min using 1 mM amine reactive BS3 crosslinker (Pierce
Biotechnology). Prior to crosslinking, the His-tag was cleaved from the bio-
tinylated cadherin using AcTev protease (Invitrogen). The crosslinking reac-
tion was quenched using 1 M Tris buffer (pH 8.0). Crosslinked dimers and
noncrosslinked monomers were separated by Superdex 200 10/300 GL
column chromatography. The crosslinked dimer yield was measured by
absorption at 280 nm as the protein eluted off the sizing column (Figures
S3A and S3B, Supplemental Data). Crosslinking reactions were carried
out in buffers containing 0 mM Ca2+ and 1 mM Ca2+. The crosslinked dimer
yields at these calcium concentrations were 45% and 20%, respectively.
The higher crosslinking yield in 0 mm Ca2+ can be attributed to the high
levels of nonspecific interaction of W2A cadherin in the absence of Ca2+
(Figures 2B, 2E, 2F, and 3C).
Single-Molecule FRET Experiments
Sample preparation for the single-molecule total internal reflection fluores-
cence microscopy experiments has been described previously (Zhang et al.,
2009). The cadherin constructs were immobilized on a freshly cleaned quartz
surface functionalized with nonspecifically bound biotinylated BSA (0.2 mg/ml
for 15 min). The biotins were decorated with Streptavidin molecules (Pierce
Biotechnology), which were used to immobilize crosslinked cadherin dimers.
The Fc-cadherin dimers were immobilized on biotinylated protein-G (Pierce
Biotechnology) that was bound to the Streptavidin molecules.
Fluorescence lifetimes of Cy3 and Alexa647 dyes were increased by using
protocatechuic acid (PCA)/protocatechuate-3,4-dioxygenase (PCD) (Sigma-
Aldrich) oxygen scavenger system (Aitken et al., 2008) plus a triplet state
quencher/blinking suppressant Trolox (Rasnik et al., 2006). The molecules
were imaged in a pH 7.4 buffer containing 25 mM HEPES, 100 mM NaCl,
10 mM KCl, 2.5 mM PCA, 50 nM PCD, and 2 mM trolox.
FRET data were acquired only frommolecules containing colocalized donor
and acceptor fluorophores. Colocalized fluorophores were identified by
initially locating the acceptor fluorophores using a 0.5 s excitation with a red
laser, then exciting the donor fluorophores and observing FRET using a
30100 s excitation with the green laser and finally confirming the location
of the acceptor using a 3 s illumination with the red laser. Each colocalized
molecule was assigned a FRET value by fitting the histogram of the FRET
time trace or by averaging the FRET values of all time points prior to photo-
bleaching. Final FRET histograms were built based on assigned FRET values
of all colocalized molecules.
Single-Molecule Force Measurements
Sample preparation for single-molecule atomic force microscopy force
measurements has been described previously (Zhang et al., 2009). Briefly, bio-
tinylated W2A cadherin monomers were immobilized on glass coverslips and
the Si tip of an AFM cantilever (Olympus) that was silanized and functionalizedAll rights reserved
Structure
Initial Encounter Complex in Cadherin Adhesionwith polyethylene glycol spacers (PEG 5000, Laysan Bio). One percent of the
PEG spacers presented biotin molecules on their other end. These biotins
were incubated with Streptavidin and the biotinylated W2A cadherin mono-
mers were bound to the streptavidin molecules on the AFM tip and surface.
The spring constants of the AFMcantilevers weremeasuredwith the thermal
fluctuationmethod (Hutter and Bechhoefer, 1993). Forces between single cad-
herin molecules were measured with an Agilent 5500 AFM in a pH 7.5 buffer
(10 mM Tris, 100 mM NaCl, 10 mM KCl) in either 2.5 mM CaCl2 or 2 mM
EGTA. The tip and the substrate decorated with cadherins were bought into
contact for either 1100 ms, 340 ms, or 115 ms so that cadherins on the tip
and substrate formed an adhesive complex. Three different tip-surface
contact times were chosen to allow a direct comparison with previous
single-molecule atomic force microscopy force measurements of wild-type
cadherins (Zhang et al., 2009). This is a valid approach because no conclusion
on cadherin binding probability was made in these experiments. When the tip
was withdrawn from the substrate (at a constant velocity of 316 nm/s), a force
was exerted on the bound cadherins and, above a critical force, the adhesive
complex ruptured. Forces were measured 2937 times in 2.5 mM calcium
yielding 75 binding events, and 7467 times in 2 mM EGTA yielding 173 binding
events.
SUPPLEMENTAL DATA
SupplementalData include threefiguresandcanbe foundwith this articleonline
at http://www.cell.com/structure/supplemental/S0969-2126(09)00254-8.
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